Image reconstruction software and its image reconstruction algorithm are an important step towards constructing a tomography system. This paper demonstrates an image reconstruction of solid profile using linear back projection (LBP) algorithm and global threshold. A forward problem and inverse problem are discussed. The modelled of sensitivity distributions using COMSOL proved that the system is able to detect the liquid-solid regime in vertical pipe. Additionally, the location of the phantom can be easily distinguished using LBP algorithm and thresholding technique. The simulations and experiments results indicate that the sensitivity distribution of non-invasive ERT system can be applied in getting a tomogram of the medium of interest.
Introduction
Process tomography (PT) has become a promising technique for visualizing and analyzing the internal characteristics of process plants in industry applications, such as for twophase/multiphase flow in pipelines. This PT has many advantages: low cost, non-invasive, nonintrusive, no radiation hazards, and it is suitable for different size vessels. Therefore, it offers a unique opportunity to reveal the complexity of internal structures of the medium of interest without invading the object.
One of the extensive modalities of PT is Electrical Resistance Tomography (ERT). ERT has been used in many applications such as in geological surface [1] [2] [3] [4] , agriculture processes [5, 6] and also in industrial processes [7] . The advantages of the ERT application are it is relatively safe to use and it provides fast response for online and real-time monitoring of the process plant. There are many examples of ERT systems that have been studied, focusing on imaging technique of the liquid-gas, liquid-liquid or liquid-solid mixtures. However, only a few researchers have considered ERT with a non-invasive sensing technique [8] [9] [10] [11] [12] [13] [14] . For noninvasive ERT approach, the electrodes need to be mounted on the periphery of the pipe wall. In addition, its measurement strategy is similar with electrical capacitance tomography (ECT) [13] . This is because a voltage source has been applied to the excitation channel and a current signal is measured at the detection channels.
The ERT is a non-linear model and it is difficult to be solved analytically. Therefore, a finite element model (FEM) is preferable to solve the forward problem in ERT. After that, it has been used with the linearized method to solve the inverse problem.
In this paper, simulations and experiments were used to reconstruct an image of solid profile of non-invasive ERT. The FEM was applied in forward problem to obtain the sensitivity distribution of every pair projections channels. Then, the current-to-voltage measurements for 1555 both homogenous and non-homogenous were recorded. Finally, the concentration profiles of liquid-solid regimes were reconstructed using linear back-projection (LBP) algorithm. A global threshold technique is also applied to the reconstructed image to improve the tomograms. The objective of the current research development and effort is to verify a feasibility and effectiveness of the sensitivity distributions in obtaining the solid profile measurement for the system under investigation.
System Overview
The system was modelled using 2D planes in COMSOL Multiphysics, a finite element analysis tool. A 2D dimension model was developed to mimic the real system. The lines representing the width of the sixteen electrodes (E1 -E16) were drawn on the boundary of the pipe surface. The reason for drawing the lines was because the main concern of modelling using COMSOL Multiphysics was the sensor sensitivity.This means that if we give the voltage signal to the electrode, it will allow the electricity to penetrate through the non-conducting pipe, no matter how thick the electrode is. In addition, it is also to avoid a complexity simulation in COMSOL. The 2D geometry of the non-invasive ERT system with sixteen electrodes is shown in Figure 1 . The dotted line represents the vertical non-conducting pipe implemented in the real hardware. Also, the outer plane thickness, d was defined to have the same height of the implemented electrode. If the value of d is not defined, by default the COMSOL simulator will set the thickness of the 2D space to be 1 meter.
Figure 1. ERT model for non-invasive approach
The material for each related domain in the designed model was defined so that it resembled the real system. The pipe itself was defined as an acrylic medium, whereas the main medium was a tap water. The details of parameters of all materials set in COMSOL Multiphysics are shown in Table 1 . A value of electrical conductivity of the tap water was reflected with a measured real tap water used in the real system using a conductor meter, and other materials were based on [15] .
Additionally, a complete measurement cycle for a non-invasive ERT system starts with first electrode acts as an excitation electrode and all other electrodes act as detecting electrodes. The excitation electrode is connected to the source and the detecting electrodes are connected to the ground. Thus, the internal resistance is measured between the first electrode and the adjacent electrodes. The process is repeated for all other electrodes until each of the electrodes has become a source electrode, and a complete measurement cycle is done. The electric field and current surface distribution when one electrode was set as the excitation channel and other channels were set as detection electrode is shown in Figure 2 . Moreover, a total of sixteen channels of metal electrodes (16 mm (width) × 200 mm (height)) were applied and attached non-invasively to the vertical non-conducting pipe. The nonconducting pipe was an acrylic tube with an outer diameter of 100 mm, a thickness of 2 mm and a height of 500 mm. Each of the metal electrodes was made of a flexible printed circuit board because they could be easily bent. The sensor design is illustrated in Figure 3 . The area of the electrode other than the sensing area was shielded by connecting it to the ground to avoid the surrounding noise. Also, a sensor jig was designed to stick and hold each of the sixteen sensors independently. The design of the sensor jig was flexible to ensure that the jig could also be applied to other pipes if necessary. This means that the sensor jig for each the sixteen channels can be unscrewed independently. Simultaneously, a ring holder with two screw locks on the upper and lower sides of the pipe was also designed to hold the sensor jigs. 
Image Reconstruction
The image reconstruction of process tomography, can be divided into two parts: forward problem and inverse problem [16] . The forward problem is solved first in order to know the theoretical value of each of the sensors output based on the signal projection, whereas the algorithm is solved later in the inverse problem of getting the tomogram. 
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Forward Problem
The forward problem also known as the sensitivity map of the system and can be divided into three solutions: linearization solution, numerical solution and analytical solution. The linearization solution is applied when the linear approximation to the relationship of the signal projection of sensors output is made for the system [17] . In addition, the numerical solutionfor example, the finite element method (FEM)is normally used for complex geometry, and the analytical method is used for simple geometry [16] . Most researchers applied numerical solution to solve the forward problem in industrial applications owing to the complex geometry.
For the electrical tomography system such as ERT and ECT, the forward problem is solved by representing the electrical field distribution of the internal system [18] . Moreover, the ERT, ECT and non-invasive ERT electrodes are governed by Poisson's equations with only different coefficient values and boundary conditions. Thus, it should be solved depending on the types of electrical tomography system as described by Sun and Yang [19] for ERT and Lei et al. [20] for ECT. As a result, based on references by Lionheart [18] and Sun and Yang [21] , the sensitivity coefficient of a two-dimensional electrode pair for non-invasive ERT is based on Equation (1).
According to Equation (1), the sensitivity coefficient for pair electrode i-j, M i,j (x,y) to the conductivity change of the pixel at position (x,y) within the area A(x,y) is solved by using dotmultiplying between the i-electric field, E i , and j-electric field, E j , when voltage source V i and V j are applied, respectively. COMSOL Multyphysics live linked with MATLAB has been utilized in this work to solve the forward problem for the non-invasive ERT system. For every excitation channels, the electric field projection inside the pipe was exported according to how many pixels are involved. For this research, 128 × 128 pixels are the pixels concerned. Later, the sensitivity coefficient for each electrode pair is obtained by the dot product of two electric fields.
The sensitivity map for each pair projection between channel 1 and other channels modelled by using COMSOL is illustrated in Figure 4 . It can be seen that the projection for each pair of electrodes produces a curved line. The curved line occurred owing to the soft-field behavior of the electrical tomography. The soft-field nature produces a poor condition for sensitivity distribution in electrical tomography, which becomes gradually poorer when it moves towards the center of the vessel region [22] . In other words, the sensitivity distribution for electrical tomography is more sensitive near to the electrodes. Also, the projection value of adjacent electrodes pairs (E1E2 and E1E16) are larger compared to the opposite electrode pair, which indicates that it failed to give a uniform and even sensitivity distribution. This is because of distinctive soft-field sensing characteristics [23] .
Inverse Problem
After the sensitivity map of the system has been solved, the tomogram is obtained. There are numerous method of reconstructing image in ERT, either using a non-iterative or an iterative algorithm [24] . However, the non-iterative method is chosen in this work because it is simple and quick [25] . A back-projection algorithm is categorized as a non-iterative algorithm [26] . It is a famous technique in tomography application such as a linear back-projection (LBP) algorithm, and filtered-back projection algorithm. But, only the LBP algorithm was a concern in this work. 
Linear Back Projection Algorithm
LBP is applied in many tomography processes, such as in ultrasonic tomography [27] [28] [29] [30] , optical tomography [31] [32] [33] [34] , electrical resistance tomography [14, 19] , [35, 36] and electrical capacitance tomography [37] [38] [39] [40] [41] . The advantages of the LBP algorithm is its low computational complexity, and it can generate an image at high speed [25] . In reconstructing the image using LBP, each sensitivity matrix is multiplied with its corresponding sensor reading [42] . The backprojected data values are smeared back across the unknown density function (image) and overlap each other to increase the projection data density [28] . Hence, the main disadvantage of LBP algorithm is that it produces a blurred image, also known as the smearing effect [43] . Knowing that, the tomogram obtained by the LBP algorithm is not so clear, but is still sufficient to identify the medium of interest.
The LBP involves the matrix multiplication between the normalizing sensitivity map, ) , ( , y x M j i and the signal loss amplitude of receiver j-th for projection i-th, j i S , [42, 44] . Then the same element of the arrays will be summed to get the back-projected conductivity distribution, also known as the concentration profile. Consequently, the concentration profile will be displayed in colour pixels. The mathematical equation of LBP can be expressed as follows:
In this study, the tomogram obtained by the LBP algorithm was standardized from 0 to 1 by using Equation (3) is the maximum value of pixel in the concentration profile.
Thresholding Technique
The thresholding technique can be used to extract objects from the background [45] . In the tomography application, it can improve the quality of the reconstructed image by removing the unwanted pixels in the cross-section image, and the minor medium, such as gas or solid concentration, can be identified. The basic thresholding technique involves the intensity of pixels in the concentration profile that are converted into a binary value depending on the threshold value, Th P [46] . This is also known as the global threshold [45] . If the pixel value is greater than the pre-set threshold, the final pixel is set to 1 or is otherwise 0. Equation (4) shows the mathematical model of the thresholding process for a given reconstructed image from the LBP algorithm. G T (x,y) is the resulting image after the thresholding process that has been applied in this work. However, the threshold value must be carefully selected to ensure that the improved reconstructed image is reasonable. For that reason, the method to choose the best threshold value was done by taking 100 steps (with interval 0.01) of the pixel value of the concentration profile. Accordingly, the area error (AE) was determined, and the optimum threshold value that gave AE value to be almost +/-0 was selected. Then the mean of the optimum threshold value for all types of simulations or experiments conducted was calculated Figure 5 shows the solid concentration profile at a different sizes and positions with comparison between LBP and threshold approach. A solid rod each with diameter 12 mm and 20 mm was used as a single phantom. Also, double phantoms of 12 mm in diameter were tested. The results from simulations were done by obtaining the sensors reading from COMSOL, while an online configuration was applied to get the sensors reading from the experiments. Moreover, the experiments were done to validate the results from the simulations. It can be observed that the LBP algorithm was able to identify and distinguish the sizes and positions of the solid profile. That aside, the circular shapes of the phantoms were not exactly identical to the reference image. The smearing effect from the LBP and the placement of the phantom near to the pipe wall caused the non-identical shape of the tomogram.
Results and Discussions
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Experiment LBP Threshold LBP Threshold Figure 5 . Reconstructed images between simulation and experiment Besides, the results of the tomograms from thresholding approach are presented in pseudo-colour, which is red and blue, for binary value 1 and 0, respectively. The threshold approach was used to improve the resulted images obtained from the LBP algorithm. It can be seen that the smearing effect surrounding the phantoms were eliminated using the threshold technique. However, it was believed that the main failure of getting a good reconstructed image as clear as the reference image is because the image reconstruction was basically reconstructed from the LBP algorithm. The blurred image obtained from LBP and applied for the threshold technique influenced the reconstructed image. It affected a pre-set threshold value of threshold technique for each experiments, as well as the average ratio made of the pre- 1561 set threshold, and so produced non-ideal images. But, it still gave sufficient information so that the system could detect phantoms in the vertical column. The performance of the tomograms is examined further by using multi scale structural similarity (MSSIM). The MSSIM is a technique that compares the similarity between the resulted image and the reference image [47, 48] . The MSSIM results in the output between the indexes 0 to 1. A larger value of the MSSIM index will indicates that the reconstructed image closer to the reference image. A detailed explanation on MSSIM can be found in Ref. [47] [48] [49] . Figure 6 illustrates the MSSIM index for tomograms obtained from Figure 5 . Generally, the graphs pattern for simulation and experiment from LBP and threshold were similar for each other. Besides, the threshold approach gave a large value of MSSIM index compared to the LBP approach. The value of MSSIM index using threshold method for all phantoms tested were larger than 0.9. However, the LBP technique only results the MSSIM index below than 0.2 for both simulation and experiment. Thus, it is observed that the threshold approach gave a better results of image reconstruction because it near to the index one and resulting similar to the reference image. Figure 6 . MSSIM index versus different phantoms
Conclusion
A sensitivity distribution and implementation of LBP algorithm of ERT using noninvasive approach indicates that the system was able to detect the concentration profile of liquid-solid two-phase regime. It also proved that a correct sensitivity map is very important as it is a crucial in solving an inverse problem part towards producing a correct image reconstruction. The smearing effect was eliminated when using global threshold technique. However, as LBP used as a basic algorithm, thus the exactly shape of the reference image cannot be obtained. Moreover, the image quality assessment using MSSIM also indicates that the threshold approach produces a better results of image reconstruction compared to the LBP algorithm because the values were near to index 1. Future work will focus on implementing other algorithm such as iterative algorithm for better tomogram. 
